Background
Introduction
The use of local anesthetic peripheral nerve blocks for surgical anesthesia and postoperative pain management has increased significantly with the advent of ultrasound-guided techniques. While catheter-based techniques allow for sustained pain management during the perioperative period, they can present challenges related to patient management, catheter displacement, and the potential for increased infection risk [1] . Numerous recent randomized controlled trials and meta-analyses have examined the pros and cons of the use of various individual adjuvants thought to potentially enhance local anesthetic peripheral nerve blockade. Recent animal safety and clinical observational work has also introduced the concept of "multimodal perineural analgesia (MMPNA)" whereby multiple agents with differing mechanisms of action are used with the goal of providing perineural analgesia while avoiding exposure to high and potentially toxic levels of individual agents [2] [3] [4] [5] [6] [7] .
The purpose of this systematic literature review is to provide clinical recommendations based on a comprehensive evaluation and summary of evidence for each commonly used and studied peripheral nerve block adjuvant that is used for the specific purpose of prolongation of postoperative analgesia provided by local anesthetic peripheral nerve blocks. While peripheral nerve block adjuvants are in widespread clinical off-label use and have been subject to multiple clinical trials, it should be noted that no adjuvant has been approved by the Food and Drug Administration (FDA) for prolongation of peripheral nerve blocks, and adjuvants should be used with appropriate caution.
Materials and Methods

Literature Search
A comprehensive search of the EMBASE, Medline/PubMed, and Cochrane Central Register of Controlled Trials bibliographical databases was performed for papers published between 1990 and 2014. Independent literature searches were performed by each of the four authors, and results were collated. The search terms used were nerve block ± neurotoxicity ± one of the following terms: adjuncts, adjuvants, opioids, fentanyl, buprenorphine, morphine, tramadol, magnesium, vasoconstrictors, epinephrine, ketamine, non-steroidal anti-inflammatory drug (NSAID), midazolam, parecoxib, ketorolac, clonidine, dexmedetomidine, dexamethasone, neostigmine, or potassium with the definition exploded. Randomized controlled trials and metaanalyses of clinical trials published in English and including block and/or analgesia duration as an outcome were included. Authors were not contacted for supplemental data or information. Secondary references not included in the original search were derived from references of included trials and reviews. References for pediatrics studies, continuous nerve catheters, ophthalmologic blocks, microcapsule studies, dental blocks, and intravenous regional anesthesia/ Bier blocks were excluded. Non-peer-reviewed papers, informal reviews, abstracts, letters, and opinion pieces were excluded. Individual references that were covered by included meta-analyses (Table 1) were excluded from this review. References to adjuvants not in widespread use and lacking Investigational New Drug application (IND) status or exemptions were excluded. The review protocol was not registered. The PRISMA flowchart is shown in Fig 1, and the PRISMA checklist is shown in S1 File.
Data extraction and assessment of study design quality
Data regarding study design, study population, interventions (peripheral nerve blocks with additives), and outcomes (block or analgesic duration) were extracted from each study that was included in the review. Study design quality and bias were assessed independently by at least two authors, and differing assessments were resolved by consensus of all authors. For each randomized controlled trial, study design quality was assessed independently by two authors (M. K. and S.H.) according to the Jadad scoring system [8] . The system was modified for this review to account for the subset of papers that report results for the full number of enrolled patients, but did not receive a point for an explicit statement about dropouts or withdrawals. Such studies were given a "+" status (Fig 2) .
Assessment of strength of evidence
The strength of evidence for each adjuvant was reported along with parameters of quality, quantity, consistency, and clinical significance of the published literature. These categories were designed based on the guidelines of the Evidence Strength Grid of the Agency for Healthcare Research and Quality evidence report "Systems to Rate the Strength of Scientific Evidence" [9] . Quality is reported as the fraction of studies with modified Jadad scores of III+ or greater. Consistency is recorded as the percent of studies with positive results. Clinical significance is described as low, moderate, or high based on the duration of block prolongation noted in the studies analyzed.
Grades of strength of recommendations are reported based on the Oxford Center for Evidence Based Medicine Levels of Evidence document [10] . Accordingly, Grade A recommendations are those based on Level 1 evidence (evidence from meta-analyses of clinical trials and/or at least one randomized controlled trial).
Results
The bibliographic database search process and outcomes are summarized in Fig 1 in accordance with PRISMA guidelines. A total of 12,992 papers were found in the initial search and four from analysis of secondary sources. After duplicates were removed, 9,534 papers remained. Of these, 3,585 randomized controlled trials and systematic reviews of studies conducted on adult humans and published in English were screened for eligibility. Of the 109 studies meeting eligibility criteria, 33 had been analyzed previously in published meta-analyses referenced in this paper (Table 1) . Fifteen studies were excluded because they involved agents that are not in widespread use or were performed without IND or equivalent status or exemption. A total of 61 novel clinical trials and meta-analyses were included in this systematic qualitative literature review. A detailed summary of each randomized controlled trial is shown in Table 2 , including: adjuvant dose, local anesthetic used, block performed, duration of analgesia prolongation, significant side effects potentially attributable to adjuvant, and study quality, as assessed by the modified Jadad score.
Opioids
Buprenorphine. The discovery of peripheral opioid receptors led to the clinical application of adding opioids to local anesthetics for peripheral nerve blocks [11] . Buprenorphine is a highly lipophilic partial opioid receptor agonist which may also have the local-anesthetic-like capacity to block voltage gated Na + channels [12] . Buprenorphine has been shown to have notable antihyperalgesic effects, which may be attributable in part to the fact that buprenorphine and its metabolite norbuprenorphine have been shown to act on κ and δ opioid receptors in addition to μ receptors [13, 14] . In 1997, Bazin et al. showed that buprenorphine prolonged the median duration of analgesia from combination lidocaine/bupivacaine supraclavicular blocks from 11.5 to 20 hours [15] . Studies by Candido et al. demonstrated that buprenorphine induced 1.5-to 3-fold prolongation of subclavian [16] and axillary [17] blocks performed with a mixture of mepivacaine and tetracaine plus epinephrine and sciatic nerve blocks performed with bupivacaine plus epinephrine [18] . Similarly, Behr et al. demonstrated a near doubling of the time to first analgesic request when perineural buprenorphine was added to levobupivacaine interscalene blocks for shoulder arthroscopy [19] . Jadon et al. established that bupivacaine supraclavicular blocks with perineural buprenorphine were prolonged by nearly 6 hours compared to bupivacaine blocks with intramuscular buprenorphine [20] . None of these studies detected a difference in respiratory depression, nausea, or vomiting between those receiving buprenorphine and those receiving local anesthetic without opioids. It should be noted, however, that in several studies, the risk of postoperative nausea and vomiting (PONV) was found to be elevated with the use of perineural buprenorphine (Table 2) . Buprenorphine has been consistently shown to significantly prolong peripheral nerve blocks. However, we recommend that it be used only with multimodal nausea prophylaxis with agents such as perphenazine [21] [22] [23] , dexamethasone, and a 5-HT3 antagonist [21, 22] . Consideration should be given to avoiding use of buprenorphine in patients with a significant history of PONV, pending clinical studies confirming that multimodal antinausea prophylaxis can adequately prevent this side effect in this patient population.
Morphine. Studies from the 1990s showed mixed results from the addition of morphine to peripheral nerve blocks, with two suggesting enhancement of analgesia duration [15, 24] and several showing no benefit at all [25] [26] [27] . Bazin et al. found that the addition of morphine to combination lidocaine/bupivacaine supraclavicular blocks prolonged the median duration of analgesia after internal fixation of upper extremity fractures from 11.5 to 21 hours [15] . Bourke et al. failed to detect a difference in postoperative visual analog scores, motor, or sensory block duration with perineural morphine when added to axillary blocks performed with lidocaine plus epinephrine when compared to intravenous (IV) morphine supplementation [24] . However, they did report a significantly decreased consumption of supplemental opioid doses. Flory et al. found that morphine did not prolong interscalene blocks performed with bupivacaine plus epinephrine for elective shoulder surgery [25] . Sternlo et al. were not able to show prolongation of 0.5% bupivacaine intercostal blocks with the addition of morphine [26] . Racz et al. showed that analgesia duration with intramuscular (IM) morphine was indistinguishable from morphine mixed with local anesthetic after hand and forearm surgery with mixed lidocaine/bupivacaine axillary blocks [27] .
Keskinbora et al. recently examined the use of bupivacaine versus bupivacaine plus morphine administered via a popliteal catheter for patients with chronic lower extremity pain. The study included a short-term single bolus treatment phase where morphine was noted to prolong analgesia by approximately three hours compared to bupivacaine alone [28] . It should be noted, however, that the morphine group experienced significantly greater side effects (nausea and somnolence). More than twice as many patients preferred treatment with bupivacaine alone, even though they required more rescue analgesia with lornoxicam.
Overall, evidence indicates that the benefits of perineurally administered morphine, if any, do not surpass those of IV or IM morphine and may be outweighed by side effects, such as pruritus, PONV, and somnolence ( Table 2 ). The routine use of perineural morphine is not recommended.
Fentanyl. In 2000, Nishikawa et al. found that the addition of fentanyl to axillary blocks with lidocaine plus epinephrine increased block duration by approximately one hour, but delayed block onset in all branches. It was speculated that this delay was caused by differences in pH of the injectates [29] . Multiple other papers have failed to show a benefit from perineural use of fentanyl as an adjuvant to local anesthetics for prolongation of peripheral nerve blocks. Fentanyl failed to prolong duration of axillary blocks with ropivacaine [30] or lidocaine plus epinephrine [31] , supraclavicular blocks with mepivacaine plus epinephrine [32] , sciatic/femoral blocks with ropivacaine [33] , and interscalene blocks with lidocaine [34] .
Several more recent publications have rekindled the interest in perineural administration of fentanyl. Karakaya et al. and Sert et al. demonstrated prolongation of motor and sensory block as well as statistically significant increases in analgesic duration when fentanyl was added to bupivacaine [35] or articaine [36] axillary blocks without epinephrine. Bhuvaneswari et al. found that addition of fentanyl to 0.25% bupivacaine plus epinephrine paravertebral blocks prolonged analgesia to 18 hours, which was comparable to the duration of blocks with 0.5% bupivacaine plus epinephrine [37] . Finally, Sindjelic et al. were recently able to show an improvement in quality and duration of mixed bupivacaine/lidocaine cervical plexus blocks for carotid endarterectomy surgery [38] .
Small increases in rates of sedation, bradycardia, and hypercapnia have been seen in some trials when fentanyl was added to peripheral nerve blocks (Table 2) . While it is possible that fentanyl may be effective for prolonging bupivacaine peripheral nerve blocks, the evidence regarding its efficacy is conflicting. We do not recommend perineural fentanyl for routine use.
Other Opioids. The interest in the potential for opioids to enhance peripheral nerve blocks has led to preliminary studies of several other agents. This review found no such studies, however, that were performed with IND or equivalent status or exemption. While the use of these agents merits further preclinical and clinical studies with appropriate approval, they cannot currently be recommended.
Toxicity and Side Effects. A 1997 review of peripherally administered opioids, which included 26 randomized controlled trials and 952 patients, 485 of whom received opioids, noted no adverse effects in any of the trials which could be attributed to the route of administration [11] . It should be noted, however, that many trials examining peripheral administration of opioids reported side effects typical of systemic administration, including pruritus, nausea, and vomiting. Sabbe et al. found that intrathecal administration of sufentanil, fentanyl, and morphine to dogs led to no histological signs of neurotoxicity after 28 days of daily exposure [39] .
In contrast, in vitro studies have shown some signs of neurotoxic potential of opioids. Although sufentanil and morphine did not enhance lidocaine-induced cell death in human neuroblastoma cells, morphine increased lidocaine-induced apoptosis of rat astrocytes, whereas sufentanil did not [40] . Perineural buprenorphine has consistently shown the ability to prolong peripheral nerve blocks with no reported increase in side effects or clinical toxicity and may be considered a useful adjuvant for block prolongation. It should be noted, however, that in studies of isolated rat primary sensory neurons, high-concentration buprenorphine exposure for 24 hours results in significant cell death [2] . Further laboratory analysis of neuronal exposure to clinically relevant concentrations of buprenorphine in isolation and in combination with local anesthetics and other perineural analgesic adjuvants is warranted.
Vasoactive Agents
Epinephrine. Epinephrine has been used for over a century as an additive to local anesthetics [41] . With a typical dose range of 5-10mcg/mL, epinephrine is believed to prolong duration by its vasoconstrictive properties that prevent systemic reabsorption of local anesthetics. Epinephrine can be added to local anesthetics to detect intravascular injection, and its vasoconstrictive properties have the presumed added benefit of decreasing systemic toxicity, allowing for larger doses of local anesthetic to be given safely. Epinephrine has shown mixed efficacy as an adjuvant to prolong nerve blockade (Xylocaine [lidocaine hydrochloride] package insert; Schaumberg, IL: APP Pharmaceuticals, LLC, 2010). Using lidocaine with high-dose epinephrine (200mcg/mL) for axillary block prolonged motor block and sensory block by approximately 25 and 40 minutes, respectively, but was associated with tachycardia and hypertension. A lower dose of 25mcg/mL had minimal effect, prolonging motor block by 10 minutes and sensory block by 30 minutes [42] . When added to mepivacaine for brachial plexus block, epinephrine prolonged motor and sensory block duration by approximately 60 minutes [43] .
Epinephrine has not been shown to prolong blockade with ropivacaine [2, 44] (Naropin [ropivacaine hydrochloride] package insert; Schaumberg, IL: APP Pharmaceuticals, LLC, 2010) and is an inferior additive when compared to other adjuvants, such as clonidine, in prolonging brachial plexus block with bupivacaine [45] .
Despite its long-term use as an adjuvant in local anesthetics, epinephrine has been shown to compromise endoneural blood flow [46] and increase neurotoxicity, particularly in the setting of diabetic animal models, arguing against its use in patients with diabetic peripheral neuropathy [3, 47, 48] . Epinephrine has been shown to have minimal efficacy in prolongation of peripheral nerve blocks, and we do not recommend its use for this purpose. When epinephrine is used to detect intravascular injection, caution is merited, as it can cause hypertension and tachycardia in high doses and may exacerbate neurovascular compromise in susceptible patients.
Clonidine. Clonidine hydrochloride is an alpha-2 agonist that has vasoconstrictor properties, but, unlike epinephrine, its ability to prolong nerve blockade is due to direct action on peripheral nerves. Recent data suggest that this prolongation is mediated by hyperpolarization of cyclic-nucleotide-gated cation channels [49] . Clonidine was first described as an epidural additive in 1984 [50] , and multiple subsequent randomized controlled trials and several metaanalyses have demonstrated the utility of clonidine as an additive to prolong peripheral nerve blockade, particularly when used with intermediate-to long-acting local anesthetics. A metaanalysis by Popping et al. reviewed 20 studies and found that clonidine extended average block duration by approximately 2 hours [51] . A qualitative review by McCartney et al. analyzed 27 studies and found mixed results regarding clonidine's ability to prolong nerve blockade [52] . This review cited 15 positive studies and 12 negative studies and suggested that clonidine prolongs nerve blockade best when added to intermediate-acting local anesthetics, particularly mepivacaine and lidocaine (with less support for bupivacaine and levobupivacaine). Both Popping and McCartney showed that increasing doses of clonidine resulted in an increased incidence of systemic absorption, thereby causing hemodynamic side effects including hypotension, bradycardia, and fainting. Both authors ultimately recommended dosing clonidine at 0.5mcg/kg with a maximum dose of 150mcg.
Since the publication of these reviews, there continues to be conflicting experimental data with perineural clonidine. Clonidine was shown to prolong bupivacaine popliteal sciatic nerve block by approximately 3-4 hours with 0.375% bupivacaine [53] but did not prolong blockade with 0.5% levobupivacaine [54] . A recent study showed no benefit of adding 150mcg of clonidine to ropivacaine for axillary block [55] , whereas another demonstrated a notably faster onset and longer duration of action of analgesia with high-dose clonidine (2mcg/kg) with no "major" hemodynamic side effects when added to bupivacaine for supraclavicular block [56] . Another positive study showed that addition of clonidine to bupivacaine prolonged duration of supraclavicular block by approximately 200 minutes [57] . In contrast, when compared to 5 mcg/ml epinephrine, clonidine led to no difference in block duration when added to lidocaine for cervical plexus block and resulted in a higher plasma concentration of lidocaine [58] . Another study failed to detect a difference in block duration between clonidine and midazolam when combined with bupivacaine plus lidocaine for supraclavicular block [59] .
Despite substantial study, it is not clear which local anesthetics, anatomical blocks, or doses of clonidine are optimal for prolongation of analgesia after peripheral nerve blocks. It is clear, however, that high doses result in systemic side effects, such as hypotension and bradycardia, and should be avoided. The use of perineural clonidine merits further high quality preclinical and clinical study but is not currently recommended for routine use.
Dexmedetomidine. Dexmedetomidine is an alpha-2 agonist with seven times greater affinity than that of clonidine [60] . Much like clonidine, dexmedetomidine has been shown in a rat model to prolong duration of analgesia by blocking the hyperpolarization-activated cation current [61] . Dexmedetomidine was first used as an additive in 2004 to supplement intravenous regional anesthesia [62] . Multiple randomized controlled trials have since been conducted, and a recent meta-analysis was performed to examine its effectiveness as a peripheral nerve block additive [63] . Abdallah et al. recently published a meta-analysis that examined four studies of dexmedetomidine as an additive for brachial plexus blocks [63] . This analysis found that dexmedetomidine significantly prolonged mean motor block by 268 minutes and time to first analgesic by 345 minutes. However, the mean sensory block prolongation of 284 minutes was not statistically significant. The doses in the four studies looking at brachial plexus blocks were 30mcg, 100mcg, 0.75mcg/kg, and 1mcg/kg. None of the studies examined in this review described hypotension as an adverse effect, and reversible bradycardia was seen less than 10% of the time.
Two more recent studies have shown that the addition of dexmedetomidine to bupivacaine supraclavicular blocks and ropivacaine interscalene blocks prolonged the duration of the blocks by approximately 8 hours [64] and 4 hours, respectively [65] . The first of these studies noted one episode of bradycardia, and both studies demonstrated improved postoperative analgesia. Another recent study found that the addition of dexmedetomidine to ropivacaine for cervical plexus block increased block duration by approximately 50 minutes [66] . Similarly, a study looking at the addition of dexmedetomidine to mepivacaine for brachial plexus blocks showed a block prolongation of approximately 75 minutes; however, the duration was minimally increased when compared to 200mcg epinephrine [43] . Volunteer studies have also demonstrated the efficacy of dexmedetomidine. In one volunteer study, dexmedetomidine was added to ropivacaine ulnar nerve blocks and resulted in a 200-minute prolongation of analgesia [67] . In contrast, systemic dexmedetomidine increased the duration of analgesia by only 50 minutes. In another volunteer study, dexmedetomidine was added to ropivacaine for posterior tibial nerve blocks, resulting in a prolongation of analgesia by approximately five hours [68] . Of note, a recent study found that the duration of sensory and motor block when dexmedetomidine was added to bupivacaine supraclavicular blocks was almost twice as long compared to the addition of clonidine [69] .
The potential for dexmedetomidine to cause neurotoxicity in humans has not been extensively studied. However, in animal models of spinal anesthesia [70] and sciatic nerve block [71] , dexmedetomidine did not show toxicity and was potentially neuroprotective when combined with lidocaine [70] and bupivacaine [71] . The bulk of published data supports the efficacy of dexmedetomidine for peripheral nerve block prolongation of approximately 200 minutes at doses around 1mcg/kg, and it appears to be a viable option as an additive to ropivacaine or bupivacaine in patients where bradycardia and hypotension are likely to be treatable with conventional therapies.
Anti-inflammatory Agents
Dexamethasone. A recent meta-analysis of randomized placebo-controlled trials through April 2013 was conducted by Choi et al. [72] and included 9 trials, with 393 patients receiving dexamethasone. This study concluded that dexamethasone prolongs brachial plexus blocks with long-acting local anesthetics from 730 to 1306 minutes and intermediate-acting anesthetics from 168 to 343 minutes. Several more studies of perineural dexamethasone have been published since this meta-analysis was performed. Brachial plexus blocks with lidocaine plus epinephrine were prolonged two-fold by the addition of dexamethasone in one recent study of patients undergoing elective hand, forearm, and elbow surgery [73] . Time to first analgesic request after transversus abdominis plane (TAP) blocks performed with bupivacaine for abdominal hysterectomy were prolonged by approximately one hour by the addition of dexamethasone [74] . Rasmussen et al. recently performed a retrospective review of 1,040 patient records and found that when added to ropivacaine, dexamethasone prolonged a range of upper and lower extremity peripheral nerve blocks by a median of 37% [75] . Of note, in this study, patients receiving dexamethasone reported statistically significantly decreased pain on the day of surgery, less severe postoperative pain, better satisfaction, and no increase in adverse events. A recent study by Saritas et al. demonstrated significant prolongation of prilocaine brachial plexus block with addition of dexamethasone; however, block duration remained shorter than in the group receiving levobupivacaine alone [76] . None of the above studies captured significant side effects associated with perineural steroid administration; however, decreased rates of PONV were noted when dexamethasone was used in TAP blocks for hysterectomy [74] .
It should be noted that analgesia duration and block duration are not the same and that the analgesic impact of dexamethasone may be related to systemic effects. Fredrickson et al. found only a modest reduction in pain reported at 24 hours for patients who received bupivacaine sciatic/saphenous blocks with perineural dexamethasone versus subcutaneous/intramuscular dexamethasone [77] . No differences in onset of pain were found with a similarly protocolized ankle block study reported in the same paper. Two other recent randomized placebo-controlled studies showed no significant difference in analgesia duration when interscalene blocks with ropivacaine [78] and sciatic nerve blocks with bupivacaine plus epinephrine [79] were supplemented with 8-10mg dexamethasone intravenously versus perineurally. It is worth noting that intention to treat analysis was not strictly adhered to in the first study [78] , and the question remains whether these studies were adequately powered to detect a clinically significant difference between administration routes [80] .
Although perineurally administered dexamethasone has consistently been shown to prolong analgesia after peripheral nerve blocks, it is not clear that this finding is not due to systemic effects. A recent study by Liu et al. demonstrated that dexamethasone prolonged analgesia by approximately 10 hours compared to a control group for ambulatory shoulder surgery using 0.25% bupivacaine, and this was achieved with perineural doses ranging from 1mg, 2mg, and 4mg of preservative-free dexamethasone [81] . The effect seen by Liu et al. was despite the fact that most patients, including those in the control group, received IV dexamethasone as an antiemetic. One excluded observational study by Williams et al. reported an associated reduction of analgesic duration and elevation of rebound pain with 2mg (vs. 1mg) of perineural dexamethasone, with the 1-2mg perineural dexamethasone doses being much lower than all the doses cited above. Future research will need to better identify perineural dose-response of dexamethasone in the 1-2mg range (versus 4mg and higher) [5] . There is a theoretical risk of dexamethasone-induced peripheral neurotoxicity based on in vitro studies [2, 82, 83] , and this must be weighed against the apparent efficacy of systemic administration. Further high-quality preclinical and clinical study is merited before it can be recommended for routine use.
Other Anti-inflammatory Agents. There are no studies of other widely used or novel anti-inflammatory agents that have received or been exempted from IND or equivalent status. Of note, a toxicity study of epidural administration of parecoxib in rats showed no neurologic behavioral or histological evidence of neurotoxicity [84] . However, lornoxicam, another NSAID, was shown to have dose-dependent neurotoxic effects after epidural administration to rabbits [85] . The perineural use of anti-inflammatory medications other than dexamethasone merits further pre-clinical and clinical study with appropriate federal approval; however, their use cannot be recommended at this time.
Other Agents
Tramadol is a weak central-acting opioid that has been shown to have Na + and K + channelblocking properties and can block motor and nociceptive function similarly to local anesthetics [86, 87] . There is conflicting data regarding the effect of adding tramadol to local anesthetics for peripheral nerve blocks. This topic was recently covered thoroughly in a review by Bailard et al. [88] . One study showed a doubling of analgesia duration after interscalene blocks for total shoulder arthroplasty when tramadol was added to levobupivacaine [89] . A study of high-dose tramadol added to lidocaine plus epinephrine showed an increase in sensory block duration of approximately two hours and time to first analgesic by approximately five hours [90] . In contrast, multiple publications have shown limited benefit of tramadol added to levobupivacaine plus lidocaine [91] , levobupivacaine alone [92] , and mepivacaine [93, 94] , and no effect when added to ropivacaine [95] and bupivacaine [96] . Conflicting data were also noted from three studies comparing perineural tramadol to systemic tramadol. Kapral et al. found that adding tramadol to mepivacaine significantly prolonged sensory and motor axillary block when compared with mepivacaine plus IV tramadol [94] . Alemanno et al. showed that duration of analgesia from interscalene blocks with levobupivacaine plus tramadol was significantly longer than that from levobupivacaine plus IM tramadol [89] . However, Mannion et al. found that block duration, time to first analgesic, and total 24-hour opioid use were similar after psoas compartment blocks with levobupivacaine with or without IV or perineural tramadol [92] . Since little is known about the potential neurotoxicity of perineural tramadol, and the bulk of published literature shows little to no efficacy in prolongation of analgesia, we do not recommend its use.
Midazolam is a water-soluble benzodiazepine that is an indirect gamma-aminobutyric acid receptor agonist that has been studied primarily as an adjuvant for neuraxial anesthesia [97] . This agent is not FDA approved and is not routinely used as a perineural adjuvant. No clinical studies have been published after IND approval or exemption or its equivalent. Moreover, in animal models, intrathecal midazolam has been shown to be neurotoxic [98] [99] [100] . This agent should be avoided as a perineural adjuvant to local anesthetics.
Magnesium is an N-Methyl-D-aspartate (NMDA) antagonist that plays a role in moderating calcium influx into neurons. Magnesium has been shown to decrease peripheral nerve excitability and to enhance the ability of lidocaine to raise the excitation threshold of A-beta fibers [101] . Studies have consistently shown that addition of magnesium to local anesthetic significantly prolongs peripheral nerve blocks, including femoral nerve blocks with bupivacaine [102] , interscalene blocks with bupivacaine [103] , and axillary blocks with prilocaine [104] and levobupivacaine [105] . All of these papers denied adjuvant-related toxicity or side effects; however, nausea was two to three times more likely in the first 12 hours after interscalene blocks with 200mg magnesium in the study by Lee et al. [103] . This side effect was not reported in studies using 150mg magnesium. Notably, one animal study has shown histological evidence of nerve damage from intrathecal administration of magnesium [106] . However, a recent meta-analysis describes four trials that systematically recorded data on complications after intrathecal administration of magnesium [107] . In this analysis, the only complication noted was one patient out of 140 who experienced a four-day headache.
Magnesium appears to reliably prolong peripheral nerve blocks; however, potential neurotoxicity and side effects of peripherally administered magnesium have not been adequately studied for it to be recommended for use. Further high-quality pre-clinical and clinical studies are warranted. Specifically, animal studies are needed to determine if magnesium results in neurotoxicity with perineural administration when administered alone, in combination with local anesthetics, and as a component of multimodal drug combinations. Moreover, it remains to be seen if clinical efficacy can be achieved with lower doses of magnesium while avoiding the side effects of nausea and vomiting.
Ketamine is an NMDA receptor antagonist that has been shown to have local anesthetic properties [108] . There is limited data on the effect of ketamine as a perineural additive, and no studies with IND or equivalent approval or exemption were found in this review. It should be noted that one study, which met exclusion criteria, reported a high incidence (44%) of adverse effects such as hallucinations, drowsiness, and nausea with no prolongation of analgesia [109] . There are limited data on the peripheral neurotoxicity of ketamine. However, a recent study showed no histological signs of neurotoxicity after multiple intrathecal injections of preservative-free ketamine into rabbits [110] . Given the dearth of high-quality clinical data supporting its efficacy and the concern for high incidence of side effects with the use of perineural ketamine, we do not recommend its use or further clinical study as a perineural adjuvant.
Neostigmine is an acetylcholinesterase inhibitor that can enhance analgesia by increasing endogenous acetylcholine at the nerve terminal. No studies of neostigmine that were performed with an IND or equivalent approval were found. It is notable, however, that two excluded studies found that neostigmine failed to increase block duration but was associated with a relatively high incidence of nausea and associated gastrointestinal (GI) distress. In addition, Demirel et al. studied both intrathecal midazolam and neostigmine in a rabbit model and found a similar level of neurotoxicity [100] . In contrast, neostigmine did not increase human neuroblastoma or rat astrocyte cell death compared to lidocaine alone in an in vitro model [40] . Given the high incidence of GI side effects, risk for neurotoxicity and minimal data supporting block prolongation, we do not recommend the use or further study of neostigmine as a perineural adjuvant.
Discussion
Concern for reporting bias in favor of publication of positive results must be acknowledged in this and other reviews of the published literature. However, the results presented in this study favor the efficacy of some agents over others, and publication bias is unlikely to favor one peripheral nerve block mono-adjuvant over another. In this study, risk of bias within studies was quantitated using a modified Jadad score to assess for selection, performance, attrition, and detection bias. Using a modified Jadad score cutoff of III+ or higher on a 5-point scale, 47 out of 60 included studies had a low risk of bias and were considered of high quality when determining recommendations. Among particular adjuvants, studies of morphine and magnesium were notable for having the highest percentage of studies with low modified Jadad score. It should be noted that most studies of these two agents predate current publication standards specifying randomization techniques and blinding methodology, both of which weigh heavily into the Jadad score. The summary of findings found in Table 3 includes a report of the strength of evidence, as assessed by (1) study quality as defined above; (2) quantity of studies; (3) consistency (based on the percentage of positive results); and (4) clinical significance (based on degree of block prolongation described).
A multitude of adjuvants for prolongation of peripheral nerve blocks have been investigated, but none have FDA approval for this purpose and because most are off-patent, they are unlikely to gain FDA approval in the absence of a vested-interest commercial sponsor. Moreover, few agents have been thoroughly investigated for potential neurotoxicity, and few published clinical trials have appropriate INDs or equivalent status. Based on our review, however, a few adjuvants that are widely utilized and broadly studied have been shown to be efficacious for prolongation of peripheral nerve blocks for postoperative analgesia with no clinical evidence of neurotoxicity. A summary of findings and recommendations is shown in Table 3 , along with each agent's criteria for inclusion.
Dexamethasone prolongs brachial plexus block with both intermediate-(168-343 minutes) and long-acting local anesthetics (730-1,306 minutes). There is conflicting information regarding dosing, given certain randomized controlled trials describe equivalence when utilizing high doses of systemic and perineural administration of dexamethasone; however, low doses of A (1b) Ketamine Harm a-2/2; b-0%; c-N/A Not recommended due to lack of evidence of efficacy and significant side effect profile (hallucinations, drowsiness, and nausea).
A (1b)
Neostigmine Harm a-3/4; b-25%; c-low (<1h) Not recommended due to lack of evidence of efficacy, significant neurotoxicity in rabbit model, and high rate of GI distress.
A (1b) (Continued) perineural dexamethasone (1-2mg) appear to prolong nerve block duration compared to equivalent or higher doses of IV dexamethasone (4mg). Further studies need to look at the efficacy of low perineural doses of dexamethasone to determine if less may be preferable to minimize toxicity and systemic effects. Buprenorphine (various doses) prolongs sciatic and brachial plexus blocks with long-acting local anesthetics by approximately 6-12 hours. Supra-clinical doses of dexamethasone and buprenorphine have demonstrated neurotoxicity in in vitro animal models; however, recent in vivo animal safety models show no adverse event levels [5] and potential neuroprotection and antihyperalgesic effects with clinically relevant dosing [111] . Both clonidine and dexmedetomidine likely prolong peripheral nerve blocks to a moderate degree. However, both clonidine and dexmedetomidine can cause bradycardia and hypotension in higher doses and should be used with caution. It should be noted that ongoing research suggests that each of these agents may demonstrate utility as part of multimodal perineural analgesia regimens [5, 7] .
Magnesium has shown consistent efficacy for prolongation of peripheral nerve blocks, but there is little high-quality research supporting a clinically significant increased duration of analgesia. Animal models suggest that neuraxial administration of magnesium may be neurotoxic, and further in vitro and in vivo animal studies are necessary to clarify its safety profile prior to further perineural study or use in humans.
Head-to-head comparisons of local anesthetic peripheral nerve block adjuvants with promising safety and efficacy profiles will be useful in guiding future clinical study priorities and practice guidelines. In the absence of gold standards, studies of novel agents may best be conducted in comparison to both placebo and the agent established as "best in class". In addition, many of the adjuvants reviewed here differ in their mechanisms of action and have the potential for additive or synergistic effects. Future research efforts should include further study of multimodal perineural analgesia, including the analgesic potential of agents administered in the absence of local anesthetics [2] [3] [4] [5] [6] .
Supporting Information S1 File. PRISMA checklist. All items corresponding to the checklist are displayed. (DOC) 
